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ABSTRACT. We demonstrate an electrically controlled high-spin (S=5/2) to low-spin (S=1/2) 
transition in a three-terminal device incorporating a single Mn2+ ion coordinated by two terpyridine 
ligands. By adjusting the gate-voltage we reduce the terpyridine moiety and thereby strengthen the 
ligand-field on the Mn-atom. Adding a single electron thus stabilizes the low-spin configuration and the 
corresponding sequential tunnelling current is suppressed by spin-blockade. From low-temperature 
inelastic cotunneling spectroscopy, we infer the magnetic excitation spectrum of the molecule and 
uncover also a strongly gate-dependent singlet-triplet splitting on the low-spin side.  The measured bias-
spectroscopy is shown to be consistent with an exact diagonalization of the Mn-complex, and an 
interpretation of the data is given in terms of a simplified effective model.  
The vision for single-molecule electronics, and spintronics applications, is to tailor the electrical and 
magnetic properties of a device already in the chemical synthesis of the molecule. This vision holds the 
promise of unprecedented functionalization of the device, in terms of built-in mechanical, 
conformational, optical and magnetic properties of the isolated molecule.  A molecule bridging two 
electrodes does not, however, preserve all the well-characterized properties of the isolated molecule. 
This is due to the strong influence of the nearby electrodes [1-5], which at the same time allows 
manipulations of the molecule which are note possible by chemistry. In this letter, we report on charge 
transport at low-temperature in three-terminal molecular junctions containing a Mn-transition metal 
complex [6]. Leaving aside their vast importance in bioinorganic chemistry, transition metal complexes 
[7-8] are particularly interesting for molecular spintronics devices [9-12]. With the present findings, we 
demonstrate direct electrical control of the spin-ground state of a single metal complex, and show that 
the gate electrode in these experiments can be conceived as an electrically tunable external ligand. 
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Our devices are made by electromigration [13] of a gold wire in a solution of the molecules, using a 
feedback mechanism [14] combined with self-breaking [15] (see Fig. 1a for a likely structure of the 
device). Details of our fabrication and junction preparation are described in Ref. [16] and the molecule 
synthesis and characterization is described in section S1 of the supplementary information. We focus on 
a particular Mn2+ junction with intermediate coupling to source and/or drain electrodes, and concomitant 
Kondo effects [17-19] as well as pronounced inelastic cotunneling lines [20-21]. The transport 
measurements are represented in Fig. 2, in which we plot the differential conductance as a function of 
the applied bias, and gate voltage, showing the typical ‘diamond’ signatures of Coulomb blockade (CB). 
As we shall argue (cf. also section S2 of the supplementary information), these data reflect two 
molecules in parallel: one (molecule B) giving rise to the two sharp white crosses separating regions (I-
III) and another (molecule A) leading to the much broader cross separating regions (1) and (2). In this 
letter, we focus on the more strongly coupled molecule (A), which exhibits a pronounced blocking of 
low-bias transport at the charge-degeneracy point. This molecule (A) also gives rise to sharp inelastic 
cotunneling lines, observed as faint edges within the black background of Fig. 2b, pervading all of 
region (2) and revealing a marked gate dependence of the spin-excitations on this molecule.  
In order to resolve the spin-configurations in the two charge-states (1-2) of molecule A, we have 
measured magnetic field dependence of the inelastic cotunneling lines (Fig. 3). In a field of 10 Tesla, the 
inelastic cotunneling lines in region (2) are observed to cross at zero bias voltage for a gate voltage VC 
denoted by an orange dot in Fig. 3b. On the left hand side of this crossing, three equally spaced lines are 
observed (red, blue, and green lines). On the right hand side, blue, and green excitations become gate 
independent. This behaviour with magnetic field points at an interesting interplay between a singlet (S), 
and a triplet (T) state [22-23] with a gate-dependent antiferromagnetic exchange coupling, J(VG), as 
illustrated in Fig. 3c (bottom panel). Considering the Zeeman splitting of the triplet states (Fig. 3d: 
bottom panel), the excitation pattern observed in charge state (2) indicates that the crossing point at zero 
bias voltage marks a transition from a singlet ground state (left) to a triplet ground state (right). On the 
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left hand side of VC the excitations from the singlet ground state to the three components of the triplet 
give rise to three equally spaced resonances [21,23] separated by gµBB. The splittings in Fig. 3b yield a 
g-factor of g ≈ 1.8. On the right hand side, the T-1 component of the triplet is the ground state, and the 
observed resonances are consistent with inelastic cotunneling from the T-1 state to the singlet S, T0 and 
T+1 states [21,23]. Again, the energy diagram in Fig. 3d predicts the T-1→S transition to be gate 
dependent (red line), whereas for the T-1→ T0 and the T-1→ T+1 transitions (blue and green lines) no gate 
dependence is expected. The fact that VC  moves towards smaller gate voltages for increasing magnetic 
field is also consistent with the energy diagram presented in Fig. 3d. Further details on the assignment 
of spin-states is provided in the supplementary information, section S3. In the left-most section of (1) 
and right-most section of (2), we observe zero-bias Kondo-peaks indicating spin-degenerate ground 
states. As shown in Fig. 3f, these undergo a simple Zeeman splitting in a magnetic field with 
corresponding g-factors of 2.1 ± 0.3, and 1.9 ± 0.3, respectively (cf. supp.info. section S5). As shown 
below, this detailed magnetic field dependence of the bias-spectroscopy allows us to build up a 
consistent model for the electronic configurations of molecule A in the measured gate-range.  
From our bulk SQUID susceptibility measurements (cf. supp. info. section S1) we find that the metal 
complex in its crystalline form has a high-spin (HS) ground state with S=5/2. This is as expected from 
ligand-field theory since exchange interactions at the metal core are large enough [24, 25] to overcome 
the nearly octahedral energy splitting Δoct [26]. Thus it would be natural to assign this high-spin ground 
state with N=5 d-electrons on the Mn-atom to region (1), which makes region (2) a 6-particle state, with 
an extra electron fluctuating between the Mn d-orbitals and a ligand state. From the magnetic field 
dependence of the bias-spectroscopy we know that regions (2,I-II) have a singlet ground-state and 
therefore the Mn-centre must have changed into a low-spin (LS) configuration, which can be paired with 
the single spin 1/2 of an added electron to produce the observed singlet. Several factors could contribute 
to stabilizing the unusual [27] low-spin state of the manganese(II) centre including loss of solvation and 
counter ion interactions, but the likely cause is the increase in ligand-field strength of the terpyridine 
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ligand system upon reduction. It should be noted that reduction of terpyridine ligands coordinated to 
divalent metal centers is known, even for systems in solution [28]. Thus, charging the ligands by 
increasing the gate-voltage can indeed be expected to inflict a transition from HS to LS in the Mn-
centre. 
This change in spin configuration leads to a suppression of the current which would otherwise flow at 
the charge degeneracy point. Due to the high-spin Mn-centre, the addition of a single electron cannot 
give rise to a spin-singlet. Transport at low bias is suppressed since the two neighbouring ground states, 
(N=5, S=5/2) and (N=6, S=0), are not coupled via one-electron fluctuations. Sequential tunnelling near 
the N=5,6 charge degeneracy point is therefore restricted to excited states, which can be reached only 
above a finite bias corresponding roughly to the nearby inelastic cotunneling threshold. This spin-
blockade [29] is thus lifted when the bias-voltage is large enough to populate the excited states, i.e. 
states with N=5, S=1/2 in region (1) and N=6, S=1 in region (2). Unlike the respective ground-states, 
these low-lying excited states do couple via one-electron fluctuations and transport  takes place by 
means of so-called cotunneling assisted sequential tunnelling, known from experiments on quantum 
dots [30] (cf. section S7 of supplementary information). Finally, we note that the observation of zero-
bias Kondo peaks in the left part of region (1) and the right part of region (2) is again consistent with the 
Mn-centre having S=5/2 in (1) and S=1 in the right part of (2). 
To gain further insight about the electronic configurations for the two charge-states of molecule A, we 
have diagonalized the fully interacting 5 and 6-electron problems for an isolated Mn-complex. We 
include the three t2g, and two eg d-orbitals on the Mn-atom, split by an energy Δ due to the nearly 
octahedral ligand-field, together with two ligand states made out of pz-orbitals on the N-atoms. We 
include electrostatic Coulomb repulsion, U, and ferromagnetic exchange, K, among the d-electrons. 
Furthermore, electrons on either of the ligand orbitals are allowed to tunnel onto a corresponding t2g 
orbital with matching symmetry (cf. supp.info. section S6). Interestingly, we find that for a large range 
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of realistic parameters the calculations reproduce the main features of the data: A high-spin (S=5/2) 5-
electron ground state for low gate voltages and a low-spin (S=0) 6-electron ground state for larger gate 
voltages.  Furthermore, the model exhibits low-lying (meV range) excited states having respectively spin 
1/2 (N=6) and spin 1 (N=5), needed to explain the cotunneling assisted sequential tunnelling setting in 
at finite bias above the spin-blocked N=5,6 charge-degeneracy point. The singlet character of the 6-
electron ground state requires the Mn-atom to be stabilized in a low-spin configuration when adding an 
electron to the neutral complex, indicating a charging induced increase in the ligand-field splitting Δ. 
This sudden increase we ascribe to the intra-ligand Coulomb repulsion with the extra electron, which 
will move the occupied ligand levels upwards and closer into resonance with the eg levels. 
The gate dependence of the singlet-triplet splitting observed throughout region (2, I-III) can readily be 
explained by a difference in gate-coupling for the two terpyridine moieties, arising naturally in the 
asymmetric device configuration envisioned in Fig. 1a. This asymmetric configuration is consistent with 
the broad, yet relatively low, sequential tunnelling conductance ridge separating regions (1) and (2) in 
Fig. 2a, which is to be expected with a large difference in tunnel-couplings to source, and drain 
electrodes. Additional confirmation of asymmetric coupling is presented in section S4 of the 
supplementary information in which we report the observation of a faint, nearly vertical, line pinned to 
the singlet-triplet transition point. Calculations show that this line is visible only with a substantial 
source-drain asymmetry in the tunnel couplings. In an asymmetric geometry, electrons on the 
terpyridine closer to an electrode or on the Mn-atom are screened by the nearby metallic electrode and 
will therefore be much weaker coupled to the back-gate potential than electrons on the central 
terpyridine moiety. Figure 4 illustrates the results of our exact diagonalization in terms of the few many-
body states which dominate the exact result. From these states it becomes apparent that the triplet state 
gains an extra ferromagnetic exchange energy compared to the singlet state when an electron is shifted 
more toward the central (gate sensitive) ligand orbital by further increasing Vg and moving right in 
region (2,I-III). 
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Figure 1. (a) Schematic device lay-out and artistic impression of a ([Mn(terpy-O-(CH2)6-SAc)2)]2+) 
molecule bonded to two gold electrodes. The asymmetric geometry illustrates a likely realization of the 
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device which gives rise to asymmetric coupling to source, and drain electrodes, and the difference in 
gate-coupling to the two ligand moieties which is implied by our transport data. (b) Fabricated device 
prior to breaking the small gold wire in the middle by electromigration. The junction is fabricated on top 
of an aluminium gate electrode, which is oxidized in air to form a 2 to 4 nm thick Al2O3 layer and at low 
temperatures, substantial leakage currents are typically observed for voltage above ± 4 V. Bridges are 
electromigrated in the molecule solution at room temperature by ramping a voltage until a decrease in 
the conductance is observed, upon which the applied voltage is returned to 100mV; the cycle is repeated 
until a target resistance of 5kΩ has been reached. The electromigrated bridges are then left in the 
molecule solution for about one hour to allow for molecular self-assembly and “self-breaking” of the 
constricted gold wire. Last, the sample space is evacuated and the cooling procedure to 1.7 K starts. (c) 
Two different d5 electronic configurations of the Mn2+ core with respectively low, and high spin are 
given. The d-orbitals on the Mn atom are split by the nearly octrahedral ligand field of the organic 
terpyridine cage into three (lower) t2g orbitals and two (upper) eg orbitals. (d) Molecular structure of 
([Mn(terpy-O-(CH2)6-SAc)2)]2+). The derivative has CH6 alkane chains attached to the ligands and acetyl 
protected thiol end groups to ensure bonding with the gold electrodes. 
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Figure 2. (a) Density plot of the differential conductance, dI/dV, versus V and VG at T = 1.7 K. The 
different charge states of respectively the main molecule and the molecule in parallel are indicated by 
(i,j) with i=1,2 and j=I, II, III. The molecule in parallel gives rise to two very similar white crosses of 
high conductance due to sequential tunnelling (black dotted lines). The main molecule displays only a 
single cross (red dotted lines) corresponding to sequential tunnelling, which is strongly perturbed due to 
its very strong coupling to one, but not the other electrode, and due to the spin-blockade hindering 
ground state to ground state transport at low-bias. Solid red lines trace out the inelastic cotunneling 
edges due to virtual tunnelling processes in and out of charge state (2). Black areas at the top right of the 
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figure are due to saturation of the current amplifier. (b) Low bias zoom-in of the different crossings and 
charge states without any guides to the eye. 
 
 
Figure 3. (a) Gray scale plot of dI3/dV3 as a function of V and VG at T=1.7K and zero magnetic field 
obtained by numerical differentiation of the dI/dV which was measured with a lock-in technique. We 
have plotted the third derivative in order to enhance the contrast of the low-bias features; resonances in 
the first derivative appear as dips (dark lines) in the third derivative.  Almost vertical thick white lines 
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were superimposed on the plot at the diamond edge locations as a guide to the eye. (b) Same as (a) but 
at B=10T. (c) Top: schematic drawing of the important low bias features observed in (a). Bottom: 
energy diagram of the gate-dependent singlet (S) to triplet (T) transition observed in charge state (2). 
The energy splitting between S and T is given by the gate-dependent exchange coupling J(VG). (d) Top: 
schematic drawing of (b). Bottom: energy diagram with Zeeman splitting of the triplet states. Arrows 
indicate all observed transitions in charge state (2,I-III). The vertical dashed line locates the S-T-1 
crossing; as indicated on the top part, the singlet (triplet) is the ground state at the left (right) side of this 
line. (e) Squares: gate voltage value of the S-T-1 crossing, VC, for four different magnetic fields. Red line 
gives the predicted gate voltages of the S-T-1 crossing, using the energy diagram presented in (d), as a 
function of magnetic field. (f) Gray scale plot of dI/dV vs. B-field showing a Zeeman splitting of the 
Kondo resonance at Vg= -2.8V. From the splitting at B=10T we estimate a g-factor of g = 1.9 ± 0.3.  
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Figure 4. (a) Phase-diagram demarcating the regions for which the ground state of the N=6 electron 
system is respectively a spin singlet (green) or a spin triplet (purple). The control parameters on the axes 
represent the energy-levels of the relevant ligand states which hybridize with the Mn d-electrons. Due to 
the strongly asymmetric device geometry, all but the terpyridine moiety lying away from the leads will 
be screened by the nearby metallic lead and therefore the ligand level of this central terpyridine (ligand 
2) feels the gate potential more strongly. Increasing Vg therefore lowers the energy of ligand 2 (ε2 
following the black arrow, say) and the ground state eventually changes from singlet to triplet as 
observed when moving away from the diagonal (ε1=ε2) in Fig. 3a and 3b. (b) The phase diagram in (a) is 
calculated from an exact diagonalization which reveals a simple understanding in terms of the 6-particle 
states shown here. Upper (lower) state is a spin singlet (triplet) and the singlet is the ground state at the 
point in parameter space corresponding to the white dot in panel (a). (c) Same as (b), except that ε2 has 
now been moved down to the location of the orange dot in panel (a) and the triplet has become the 
ground state. As indicated by their numerical coefficients, these states dominate the exact eigenstates 
and they allow for a simple interpretation of the cause of the gate-dependent singlet-triplet splitting: 
Basically the triplet is stabilized by charge fluctuations between the d, and the ligand orbitals since it 
gains more from the Hund’s rule coupling on the Mn-core (cf. section S6 of the supplementary 
information for more details). Increasing the gate-voltage lowers ε2 and, as reflected in the different 
numerical coefficients, more weight is put on the component with a doubly charged ligand 2, i.e. the 
component where the triplet is lowered more in energy from Hund’s rule coupling. Parameters for this 
plot were chosen to be U=5.0, εd0+4U=0, K=0.8, Δ=2.0, t=0.26 and t'=0.1, all in units of eV. 
 
 
                                                           
